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ABSTRACT

On 6 July 2023, a seveittbunderstorm outbreak took place in the northeastern Iberian Peninsula. The
analysis targets the Mid Ebro Valley, south of the city of Zaragoza, where giant hail was recorded
(diameter g >10 cm) along with damaging winds (i.e.,RnS tornado and three IF2 nontornadic events).
We specifically analyze severgeather patterns observable in radar and satellite products, with particular
emphasis on totdightning signatures from the retiine data provided by the lightning mappingagr
(LMA) in the region Prior to the severe weather reported on the ground, a persistent "lightiéig
signature was identified in the LMA datdhis feature was collocated with the bounded weak echo region
(BWER) radar signatureAdditionally, highaltitude LMA sources, referred to as overshooting lightning or
"sparkles”, were detected within the storm's overshooting tops (d616m MSL). These discharges,
suspended iR km above the primary lightning activity, indieadeep, moist convectionThese severe
weather signatures complement the lightning "jump" as early warning indicators for forecasters. This case
study helps us to demonstrate the advantages of integrating LMAimeabata along with radar and
satellite products for sevemeathersurveillance. Totalightning information provides forecasters with
additional tools for identifying areas where convection is forming or intensifying, enhancing their
confidence in the decisiemaking process and prompting warnings of potential seveathee

predict the effects of hazards more accurately,
such as damaging hailstorms and tornadoes (e.g.,
Craven et al. 2015).

1. Introduction

Accurate dataare needed to create decision

support tools, especially as meteorological
services emphasize the importance of improving
severeweather forecasts and alerts (e.g., Blair et
al. 2017). Fture forecasters shall be skilled in

nowcasting and warning operations, employing
both established and emerging technologies to
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Radarbased products, using bo#guivalent
reflectivity factor (hereafter referredot as
reflectivity factor) radial velocity and, more
recently, polarimetric moments, have been the
principal took for weather surveillance over the
past several decades (e.g., Donavon and
Jungbluth 2007; Blair et al. 2011; Kumjian and
Ryzhkov 2008).
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Typical reflectivity radar signatures, like the making process and triggering warnings of
BWER, a weak radar reflectivity region possible severe weather on the ground. We do
signaling strong updrafts (Lemon 1980), or the not aim to deliver a comprehensive analysis of
threebody scatter spike (TBSS), a signature the case study, but rather to focus on identifying

related to the presence severeweathergignathresitiat carehe pbserve@ r ni | et
al. 2010; Lindley and Lemo 2007), have been in radar, satellite and total lightning throughout

widely used to forecast severe weather in the the supercell evolution.

short term.

Section 2 presents the data and method.
Research has shown that the integration of Section 3 describes the seveveather outbreak

totatHlightning data with radar products enhances ~ ©n July 6, 2023, and the synoptic framework.

forecasters' capabilities in shaerm convective Section 4 examines sevemeather patterns.
weather forecasting (e.g., Dardent al. 2010; Sedion 5 facilitates the discussion, while Section
Stano et al. 2014). Totlightning density 6 presents the conclusions. Finally, appendices

portrays structural information complementary to  include: a) the results of the damage assessment
that observed with radars. Total lightning from strong convective winds done onsite after

retrieved from lightning mapping array (LMA) the §evererveather event, b) the estimated
networks can depict the structure of a  effectiveness of # LMA network, and c)
thunderstorm in a wayirsilar to how radar relevant photos that confirm the presence of

observations show typical storm features  Severe weather.
(Chmielewski et al. 2018).
2. Data and methodology
Most supercells are prolific producers of _
lightning, and different works (e.g., Goodman et & Region of study
al. 2005; Steiger et al. 2007) indicate they

may possess distinctiightning characteristics. The Ebro basin is one of the major
For instance, a fil i ght nt9PAgEAPhIR depresgonsiinghe Ijeriap Benigsulag
electrical activity coincident with the strong, (southwestern Europe). ~ Various mountain
rotating updraft (Emersic et al. 2011; Calhoun et ~ 'anges surround the valley, with the Cantabrla_m

al. 2013). Furthermore, lightning bursts Range gnd the Pyrenees to the north, the Iberian
observed in the overshooting top indicaleep Mountains to the west, and the Coastal

convection (e.g., Krehbiel et al. 2000; Lyons et ~ Mediterranean Range to the east (Fig. 1).
al. 2003).

All in all, total-lightning signatures are a Al
significant research topic because of their -
relevance in connecting electrical, kinematic, and
microphysical processes in severe storms. In
addition to the lightning jump, which is a well
known signal for warning about impending
severe weather (e.g., Schultz et al. 2011; Metzger

and Nuss 2013; Farnell et al. 2017), distinctive . (A o
lightning characteristics such as the lightning P 7 e
hole, as well as @rshooting lightning, also help o ;
in forecasting severe weather.

) ) . Figure T Supercell trajectory across the Middle
This research aims to demonstrate, via a case  Eprg Valley (black arna) within the Ebro River

study, the advantages of integrating total catchment (grey contour). St
lightning with radar and satellite data for in the coverage area of the Spanish
warningdecision support during seveneather meteorol ogical agency ( AEMET

surveillane. We specifically analyze the radar (N 41.734039°, Ei0.545893°) (red
tornadic supercell from 6 July 2023, which was triangle), as well as on the domain of the Ebro

associated with reports of giant haiAlthough Lightning Mappirg Array (ELMA stations as red
totatlightning signatures are less familiar to points). Click image to enlarge.

forecasters, they complement those observed by
radar, enhancing their confidenicethe decision
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The area of interest is the Middle Ebro
Valley, a corridor facilitating the entrance of
contrasted air masses from the northwest
(typically cool and arid) and the southeast (warm
and humid). The central area of the Middle Ebro
Valley experiences the highest supercell density
of the Iberian Peninsula (Martin et al. 2020).

The literature has long discussed this area as one

of the European continent's regions most prone
to severeweather actity (Punge and Kunz
2016). Garcid@rtega et al. (2011) pointed to the
Ebro Valley as having the highest frequency of
hailstorms in the entire Iberian Peninsula, véth
yearly average of &30
May and September.

b. Lightning mapping array

The Ebro Lightning Mapping Array (ELMA)
network consists of 12 LMA stations deployed
across the low Ebro River valley and delta
(Fig. 1). The LMA system locatethe sources of
impulsive very high frequency (VHF) radio
signals (6066 MHz) from lightning channels by
precisely timing t he
receiving station, with a temporal resolution of
80 us at a time (Rison et al. 1999). This
frequency rang allows for the detection of
smallerscale breakdown processes such as
branching and leader development, allowing for
the 3D mapping of lightning. Timef-arrival
techniques process the data, revealing the
horizontal, vertical and temporal location otha
VHF source, with location errors ranging from
tens of meters within the network limits. Since
each station records the peak received power of

each event, the processed data also includes an

estimation of the total peak power radiated by
the sources (Tdmas et al. 2001).

Ultimately, the goodness of fit is determined
by the reduced? value (Thomas et al. 2004). To
be considered in this analysis, an LMA source
needed to have a maximum reducdalue of
1.0. The detection efficiency of LMA networks
within the network range is typically greater than
95%, although it decreases quickoutside of
150 km of the network center (Koshak et al.
2004; Chmielewski and Bruning 2016).
Whereas the initial stage was on the edge of the
network coverage, the storm progressed to the
center of the network (see trajectory in Fig. 1).

Reconstructingip to hundreds of sources per
flash allows for accurate threkmensional
lightning image maps. Because of the high rate
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of emissions detected per lightning flash in the
VHF frequency (with multiple emissions per
lightning channel), these data enable the
Aimappingo of the full
propagation. Calculation of flash sizes and rates
requires that the VHF sources be grouped into
flashes. The lightning algorithm relies on the
temporal and spatial proximity of consecutive
sources, clssifying them as either part of a flash
or noise (McCaul et al. 2005, 2009).
Specifically, we used the algorithm kwan der
Velde and Montanya (2013). Firstly, the
algorithm filters out sources that appear

huarelates toolighmingdaatiyitg by lwansideresg n

specific number of VHF sources (n = 3) within a
grid box (x = 3 km, y = 3 km, z = 0.8 km).
Then, the algorithm performs the grouping using
a designated temporal interval between each
successive source (n = 0.15 s). In the final step,
we apply a minimm-source filter (n = 10) to
validate only lightning that has enough sources
to provide evidence for leader propagation, as
well as to make results comparable to previous
studies that used the same minimsource filter

(eqgn Schukzdéet al.22000, 2043 HDdronit et ale a ¢ h

2015).

We used the tool developed by van der Velde
(2024) to visualize and analyze LMA data. We
calcul ated Iightning
and Goodman (2010) algorithm, sampling the
total flash rate every 2 min.The mean and
standad deviation of the flashate change were
computed from the previous 10 samples (i.e., a
20-min moving history).

c. Weather radar

We used measurements from the Zaragoza
radar (N 41.734°, Ei0.546°), operated by
AEMET, the Spanish meteorological agentty,
complement lightning observations. AEMET
operates a network of fifteen-l@and (5.4 cm
wavelength) Doppler singlpolarization radars
(WSR-74) covering Spain (Martin et al. 2020).
Each of these radars operates with an
unambiguous range of 240 km with 10min
cycle, producing polar volumes with twerdye
elevations. With a singlpolarization radar, our
case study is constrained to the analysis of the
reflectivity factor [Z, dBZ] and radial velocity
[V, m §'] radar moments. However, the analysis
of the radial velocity field reveals missing data
bins in various sweeps, especially in high
azimuthalshear regions. This anomaly could be
the result of aggressive automated filter

spati al

ij umpso
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processing applied in the operational chain. For
this reason, the analgspresented here will be
focused onZ and derived products: ZMAX,
TOP, VIL and pseud&HI.

ZMAX, in dBZ, is the maximun¥ for each
pixel coordinate. The eckop height (TOP, in
dB2Z) estimates the maximum height at which the
radar detects an echo abawespecific threshold
(e.g., TOPRP15, TOR35, TOR50, in dBz).
Vertically integrated liquid (VIL) is a radar
derived parameter that estimates the total liquid
water content within a storm column by
vertically integrating reflectivity values, and is
commonlyused as an indicator of precipitation
intensity and hail potential. Finally, pseude
RHIs are rangdeight indicator displays,
simulating a vertical crossection at a given
azimuth, retrieved from sweeps in the radar
volume.

The ZMAX and pseud®HI products were
derived after mapping the radar data from polar
coordinates into a thredimensional Cartesian
grid, with a 500m horizontal and vertical
resolution, and extending up to 18 km MSL. For
the pseuddrHI, the azimuth of each gridded
column was cmputed, and the desired one was
then selected within a 1° confidence interval
(i.e., the width of the RHI slice).

d. METEOSAT

Although the analysis mainly relies on radar
and lightning data, images from the Meteosat
Second Generation (MSG) satellite are
sometimes used to look for signs of severe
weather, like the storm's overshooting tops and
its V shape, as well as the abemavil cirrus
plume. Strong updrafts in deep convection
create overshooting tops, which are cloud tops
that rise above the noririavel in the tropopause
and extend into the lower stratosphere (e.g.,
Bedka 2011). The MSG
(Setvék et al. 2012) is used to analyze this cloud
top morphology. This product combinesloud
top brightness temperaturesom the 10.8em
channel along with the cloudop shadows and
textures that can be seen in the higholution
visible channel.

e. ERADS reanalysis

We analyzed the synoptic framework and
assessed the preconvective thermodynamic and
kinematic conditions using data friERAS, the
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latest globaECMWF reanalysis (Hersbach et al.
2020). ERAGS offers hourly data at a resolution
of 0.25° for 1370 or 37 pressure levels. We
retrieved the temperature at 850 and 500 hPa, the
geopotential height at 500 hPa, the horizontal
wind components at 300 hPa, and the dewpoint
at 2 m for the synoptic scale analysis. Moreover,
to assess the preconvective and convective
environments, vertical profiles of temperature,
dewpoint, and wind were retrieved usidevels
data from the closest igr point to the
thunderstorm formation location and to the giant
hail reports through the ThundeR package
(ThundeR 2024).

To examine deep, moist convection and
severeweather environments, we calculated
several parameters commonly used in weather
surveillance and forecasts, including lapsge
(LR) for several layers, the meghstable CAPE,
lifting condensation level (LCL), equilibrium
level (EL), deegdayer shear (06 km, DLS), and
mid-level shear (03 km MLS). We computed
these using the ThundeR pagka Moreover, we
also calculated the convective cloud depth (the
difference between EL and LCL, CCD, Taszarek
et al. 2020) and the square root of the product of
twice the mosunstable CAPE and the MLS
(WMAXSHEARO3, Rodriguez and Bech 2021).
We used themostunstable parcel in order to
evaluate the initiation of convection from any
level, not only from the neaurface layer. The
altitude of significant isotherms (010,720, and
140°C) also was retrieved from the ERA5
profiles. Isotherm heights delitnthe vertical
extent of the fAcharging
crystals and supercooled droplets coexist,
allowing significant electrical charging and,
ultimately, lightning (e.g., Deierling et al. 2008).

f. Severeweather reports and fieldwork

Giant hail, together with strong wingdswvas
gogid gy s gvent(Fig, e gefieved
argehail reports from (i) the European Severe
Weather Database (ESWD; Dotzek et al., 2009),
managed by the European Severe Storms
Laboratory, and (ii) the SpanisiSingular
Atmospheric Observation Notification System
(SINOBAS; Gutiérrez et al2015), operated by
AEMET.

These reports include the location, time, and
usually the hail size. We combined both data
sources and removed duplicate reports,
specifically ttose referring to the same

zoneo
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municipality and occurring within a 3#%in time
window. Finally, we checked the large halil
reports by looking at their time and location
against radar data, keeping only those that were
in areas where the maximum VIL was atdsea
22.5 mm (the VIL hail threshold set by Rigo and
Farnell 2024) or where higher values were within
4 km of the affected aréathus avoiding the
removal of reports due to uncertainty in the
reported location. Moreover, we adjusted the
reported times to beconsistent with the
observation of the highest VIL values at the
reported locations. The final dataset consists of
18 hail reports (15 of which include the
maximum hailstone diameter), with a temporal
accuracy of £15 min.

All in all, reports indicated #t severe
weather occurred between 1200 and 1435 UTC,
at a distance of ~115 km, as illustrated in Fig. 2.
During the first hour, hail reports indicated sizes
O5 whereas between 1300850 UTC, hail
turned gigantic (Table 1). Local spotters
published ptures of the hailstones on social
media, reporting significant hail damage to roofs,
windows, automobiles, and crop fields.

Despite reports of strong convective winds in
the media, the previously mentioned databases
did not include them for the analykeevent.
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Fortunately, one of the coauthors conducted
fieldwork in the area,
public reinsurance company (Consorcio de
Compensacion de Seguros, CCS), to determine
the cause of the damage (i.e., tornado or
downburst).

Such data weregathered following the
methodology proposed in Rodriguez et al.
(2020). The data include a list of locations and
photos of each damaged element and the falling
direction of uprooted trees. This fieldwork
revealed at least one IF1.5 tornado according to
the international Fujita scale (¥eale, ESSL
2023) and three IF2 downbursts (details in
Appendix A).

Merging field observations with radar data,
we estimated the strong convectiwend events
to occur between 1403430 UTC. We
calculated a damage theof 9.6 km long and 950
m of maximum width associated with the IF1.5
tornado. The vortex start was around 1405 UTC,
and it dissipated >10 min later. Moreover,
during the damage survey, we detected at least
three damaged spots related to de@vnburss in
the eastward and northeastward directions, along
with the tornado track (see Table 1).
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Table T ID, time (x15 min of uncertainty), phenomenon, diameter (cm, for haiiptensity (IF, for
damaging winds), and damage path characteristics [length (km) and maximum widthr @ayrfaging

wi nds] from hail O1 owingreportsnd strong convective
ID Time(UTC) Type Diam. Orintensity Damage path
1 1300 Hail 11cm
2 1340 Hail 10 cm
3 1345 Hail 10cm
4 1345 Hail 11 cm
5 1405 Tornado IF1.5 9.6 / 950
6 1405 Downburst IF2 2.5/1700
7 1420 Downburst IF2 6.2 /2600
8 1430 Downburst IF2 5.0/ 3800

AN A

Figure 3 Met eosat bl ended (or fAsandwich, 0 Setv8k et al
image combines the higiesolution visible with the coleenhanced therat infrared (10.&m channel)

remapped to the same projection and pixel resolution as thadsghsible band. This combination allows

us to combine the brightness temperature of the cloud tops (thermal infrared channel) with their shadows
and textures. We can locateetbtorms affecting Vitori@asteiz, Zaragoza, and the case study (framed in

white) from north to south and west to east, respectiv@lick image to enlarge.

3. 6 July 2023severeweather outbreak 30 000 insured hectares of field crops were
damaged by severe thunderstorms on that day
On 6 July 2023, a sevetkhunderstorm (Agroseguro2023). For instance, in the city of

outbreak tookplace in the northeastern Iberian Vitoria-Gasteiz (in the northern part of the
Peninsula. ESWD records showed that between affected area)large hail caused head contusions
1200 2100 UTC, large to giant hail, flash floods to at least 11 people, and flash floods were
and strong convective winds affected several reported in the city of Zaragoza. The Meteosat
locations, causing damage and putting the  "sandwich" product at 1515 UTC depicts the
popul ation at r i spublid@ Ac mabredk of geverte thun8epstorims id Fig. 3. We
private agricultural insurance system, more than  focus our analysis on the Mid EbroaNey
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(Fig. 1), south of Zaragoza, where the largest hail
recorded (g >10 cm) together with damaging
winds (i.e., an IF1.5 tornado and three IF2
nontornadic events).

a. Synoptic framework

The synoptic framework from 6 July 2023 at
1200 UTC was characteed by a ridge at 500hPa
extending from North Africa to the central
Mediterranean and a low located to the northwest
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of Ireland, providing southwest flow over Europe
at mid and upper levels (Fig. 4). In this regard, a
300-hPa southwesterly wind maximunwas
affecting the region of interest. The area where
the thunderstorm developed was on the trailing
flank of the ridge. At the surface, a pressure low
(<994 hPa) was located west of Ireland, whereas
high pressures (>1018 hPa) were located over
central Euope and the Atlantic. Additionally, a
thermal pressure low was present over the Iberian
Peninsula due to daily heating.
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(wdb) |erus10doas - edy 005
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(20) w Z 3e juiod mag

Figure 4 Maps from 6 July 2023 at 1200 UTC of: a) S@Pa height (white lines and color shaded),
mean sea level pressure (blalies) and 30éhPa wind (wind barbs), and b} dewpoint (color
shaded), 85®mPa temperature (white lines) and 5@Pa temperature (black dashed lineEhe black dot
indicates the location from which the preconvective pseudo sounding (11 UTC; FigaSaetrieved,
whereas the white dot denotes the gridpoint corresponding to thgigme hail pseudsounding (1300

UTC,; Fig. 5b).Click image to enlarge.
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Figure 5 ERA5retrieved profiles from a) 1100 UTC (preconvective environment) and b) 1300(LeTC
before giant hail and strong winds in the central part of the thunderstorm t@g.image to enlarge.

At 500 hPa, a thermal wave was moving

eastward, whereas at 850 hPa, the temperature

was rising due to daily heating, producing an
increaseof vertical temperature lapse rate. At
1200 UTC, in the area of interest (marked with a
white dot in Fig. 4),the temperature wdsl2°C
and 17C at 500 and 85tPa, respectively.
Furthermore, the Iberian thermal low favored a
Mediterranean southeasteflow at low levels in
the Ebro valley, resulting in an increase of the
dewpoint (at 2 m) and therefore, an increase in
the watervapor content (Fig. 4b). These
conditions were conducive to deep moist
convection and, along with the topographic
forcing from the Iberian System (the western
Ebro Valley Mountain range with peaks reaching
2300 m MSL), facilitated convective initiation.

Previous studies have identified similar
summer synoptic frameworks in this region

associated with both deep, moist convettmd
severeweather events. Several supercells (see
weather types 7 and 10 in Cal¥ancho and
Martin 2020), hailstorms (SWT pattern in Aran
et al. 2011; the 31 July 2015 event in de Pablo
Davila et al.2021; CalveSancho et al2022),
andtornadog  (ci rcul ati on
Rodriguez and LemuSanovas2023) have been
reported in the Ebro Valley under comparable
synoptic patterns. These events are typically
associated with the interaction between zonal
circulation, an eastwarpropagating thermal
wave, and the presence of a thermal low over the
Iberian Peninsula.

b. Thermodynamic vertical profile

Here, we analyze the vertical temperature,
humidity, and wind profiles to assess the-pre
convective environment and tHeermodynamic

weat her
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Table 2: Altitude (MSL) of environmental
isotherms 0,10, 120 andi40°C at 1100 UTC
(preconvective environment) and 1300 UTC (i.e.,
before giant hail and strong winds), according to
pseudosounding retrieved from ERAS

ISOTHERMS /

ALTITUDE (km MsL) 1100 UTC  130UTC
| 0°C 4.1 42 |
| ®10°C 5.3 55 |
| ®20°C 6.9 7.0 |
®40°C 9.6 9.7
Equilibrium level (EL) 10.6 111

and kinematic conditions previous to the giant
hail and strong winds (reports in Table 1). An
ERA5S-retrieved profile previous to convection
initiation, and for the closest grid point, showed
an adiabatic evolution at low levels (Fig. 5a).
The tkm LR wassuperadiabatic (11.5°C K,
and the mean value at midlevels §3km) was
7.2°C kni'providing instability. [2spite the
low surface dewpoin{11i 12°C), mostunstable
CAPE presented moderate val§860 900 J kg')
favoring deep, moist convection. The LCL was
relatively high (1.8 km AGL) due to the lew
level dry air, whereas the EL reached 9.7 km
AGL, providing 7.9 km of CCD.

The altitude of sigificant isotherms (0i 10,
120, andi40°C) had similar values before the
convection initiation (11 UTC) and just before
giant hail was reported (13 UTC), with a slight
increase of about 10200 m in the latter case
(Table 2). On the other hand, the Elidi¢ rose
from 10.611.1 km, according to both ERA5
pseudo soundings.Note that these values are
above sea level (MSL).

Two hours later (1300 UTC), at the grid point
closest to the central part of the thunderstorm
track and prior to the main seveseaher reports,
the ERAb5retrieved profile showed a similar
evolution in temperature and dewpoint. However,
both values increased at the surface (Fig. 5b) due
to the daily heating and moist advection by dow
level southeasterly winds in the Ebigalley.
Therefore, the mostinstable CAPE rose to 1000
1100 J k§". The LCL (2.0 km AGL) and the EL
(10.4 km AGL) both increased, especially the
latter, which led to a CCD of 8.4 km. Deep, moist
convective conditions were enhanced, and the
steep sul.CL supeadiabait lapse rate indicated
a favorable environment for severe convective
winds (Taszarek et al. 2020).

30 August 2026

Both  vertical profiles show weak
southeasterly winds that rapidly shifted to more
intense southerly and southwesterly directions at
850 and 800 hPa, respéatly. This evolution
provides strong (289 m $Y and moderate
(from 12 m §! for the first pseudo sounding up
to 15 m &' for the second) environmental wind
shear for the 16-km (DLS) and 03-km layers
(MLS), respectively. These conditions, along
with thermodynamic parameters such as
moderate to large CAPE and steep LR at low and
middle levels, can support supercell formation
(Thompson et al. 2003), large to giant hail, and
strong winds (Taszarek et al. 2020¢.ombined
parameters such as WMAXSHEARB, which
increased from 500 7s'? to 670 ni 2, also
demonstrated conditions prone to tornadogenesis
(i.e., WMAXSHEARO3 >500 rhs %) (Rodriguez
and Bech 2021).

Hodographs presented a straight shape due to
low-level weak winds and the lack of directibna
wind shear from 800 hPa (Fig. 5).Though
straight hodographs are less frequently
associated with mesocyclonic tornadoes (Nixon
and Allen 2022), they are favorable for large hail
(Kumjian et al. 2021). Moreover, straight
hodographs favor storm spiitg where both
right- and leftmoving storms survive (Klemp
and Wilhelmson 1978; del Moral et al. 2020), as
it is shown in the next section. According to the
preconvective ERA5 profile, the mean storm
motion vector was 12 m'’s 238°, whereas for
the richt-moving supercell vector was 13 rit,s
274° and for the leftnoving vector was
15 m §*, 209° (Bunkers et al. 2000).

4. Temporal evolution

a. Period 1: First development, splitting and
Al ightningdgl3bbdJi®@o (1120

Figure 6 shows the time sesiéor radar and
lightning data, along with severeeather
signatures and reports. Radar scans reveal the
first reflectivity echoes (ZMAX >25 dB) at
1120 UTC, ~110 km southwest of the radar site.
The initial cell moved roughly in the direction of
the mea storm motion (mainly dominated by
mid- and uppetfevel winds), southwest to
northeast. Sustained deep convection resulted in
reflectivity cores >40 dB 30 min later. At 1200
UTC, TOR15 attained an altitude of 13 km
MSL, while ZMAX recorded a value @0 dBz,
indicating an increaseof >30 dBZ within a 40
min interval.
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Figure 7 Zaragoza radar maximum reflectivity product, ZMAX, in4JHs depicted at the following

times: a) 1220 UTC; b) 1240; c) 1300; and d) 1350, respectively. The cell splitting started around 1220

UTC (a), with the left mover moving north and thght mover moving southeastward (b and c¢). The left

mover did not develop further, merging with another cell 2 h later (d).

developed into a lontasting supercell.

The 1210 UTC radar scan indicated initial
evidence of célsplitting, with the left mover
shifting northward and merging with another cell
2 h later (Fig. 8). Storm splitting, a part of
supercell evolution (Daviedones 2014), is an
early sign for the forecaster in surveillance tasks.
The right moved the foas of this study began
to deviate toward the southeast. The splitting
caused a momentary decrease in the radar
series, particularly in the VIL product. After
the VIL recovery (>40 mm), several images in
the radar sequence showed a linear echo
characteried by a TBSS, manifest as weak

11

Contrarily, thermglar

radar reflectivity values extending dowadial
from areas of intense migvel reflectivity.

The TBSS indicates the presence of large
hail, and hailstones with diameters af95cm
were reported at ground level during thisriod
(Fig. 6d). This feature isobservable in several
images of the radar sequence between 1240 and
1450 UTC (e.g. Figs. 7 and 10), >2 h during
which radar reflectivity is very high at medium
levels, with TOP50 altitudes ranging from 10
14 km MSL durng this interval.
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Despite the rapid development indicated by the

radar products (e.g. TGBD close to the EL at (4140 km)

1300 UTC, Fig. 5a), and thus expecting frequent

( Fi
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8)

detections remained infrequent until 1230 UTC

that the LMA network exhibited loveensitivity

lightning activity (e.g., Salvador et al., 2021), no during the initial period (see Appendix B for
LMA sources were detected until 1155 UTC details on LMA efficiewy).

@160 km from the center of the networ k)

Ebro LMA 6 July 2023
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in (a) and (b) inttate the lightning hole identified at that time based on LMA data. The cross section (in a
fil ® pha crdsd sectiobs ird(é,é¢,fle ct e d

and b) depicts a clear

BWER.

In (c), we can observe a double TBSS signature bathgathe transect direction. A wslefined hook

echo is present at that timestep. The same pattern can be seen in (f), represented with reflectivity values

around 10 dE in the radial direction from the radar and behind the main cell core (above ttierB I&he
BWER is also visible in this cell stag€lick image to enlarge.

At al250 UTC, a
appeared in the LMAFig. 9. This region devoid
of lightning activity indicates short residence
times for charging, due to the strong updraft (e.g.,
Krehbiel 2000; Emersic et al. 2011; Calhoun et al.
2013). Based on the tedown perspective of a
traditional supercell (Lemon and Doswell 1979),
the hole aligns with the main updraft (Fig. 10).
The hole persisted for
maximum diameter of 7 km, before disappearing
around 1405 UTC. The lighitmg hole traversed
the depth of the thunderstorm, only being
hindered later by momentary activity at the
overshooting top (Fig. 13).

b. Period 2: Updraft intensification, maximum
vertical devel opmeint
1405 UTC)

This period started ih a lightning jump
(1318 UTC, Fig. 6a), along with overshooting
lightning and the shaped signature in
METEOSAT imagery, indicating the
strengthening of the updraft. The storm attained
its peak development with TGF5 around

I i ght nlikmg MSL haad ¥IL rapidly ntreasinggtd
values above 60 mm, indicating the presence of

large hail (Edwards and Thompson, 1998).
During this period, massive hailstones
(#>10cm) were observed at ground level. The
intense updraft responsible for the lightning
hole was similarly ewdent in radar images

(13401400 UTC), exhibiting a noticeable

geffeBtivitynmimmum BXVER) mdhie sagne drem
(Fig. 10). The BWER can be seen at different
elevation angles at 1350 UTC (Fig. 10).

As often observed in supercells, the
lightning hole coincidd with the BWER (e.g.,
MacGorman et al., 2005; Wiens et al., 2005).
Reflectivity within the hole remained <40 dB

aindicatifigs fhat r ttikel eenti@l rediod 105 the
lightning hole lacked significant concentrations
of large ice particles but contained supercooled
liquid water (SLW, Chmielewski et al. 2020).
The reflectivity values surrounding the hole
reached values >60 @B During this period,
TOP-15 heights around the "hole" reached
17 km MSL.
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Another way to identify the BWER is with
radar vertical crossections: Fig. 11 shows the
lower-reflectivity column that formed the BWER
at different times, extending to the cloud .top

Additionally, in this period, Meteosat
imagery showed thérst signs of the Vshaped
feature (Maddox 1981; McCann 1983; Adler and
Mack 1986)(Fig. 12). The VWshaped formation
occurs when powerful updrafts of the storm
cause clouds to extend into the Ilower
stratosphere, crossing the tropopause, resulting
in owvershooting tops (OT, Heymsfield and
Blackmer 1988). Heavy rain (Negri and Adler
1981), turbulence (Lane et al. 2003), and

16

tornadoes (Bedka 2011) have been associated
with OTs. This stratospheric intrusion obstructs
high-altitude winds, compelling them tdiverge
around the overshooting, which results in a
depression downwind (Fujita 1978).
Interestingly, altitudecolored VHF  sources
mimic the \tshaped structure as shown in the
right panel in Fig. 12. While OTs are usually
shortlived (~0.5 h, Bedka et alk010), in the
present case study, thesWlaped signature was
well defined for 2 h (1318515 UTC).
Additionally, a cirrus plume can be observed
above the main cumulonimbus anvil in the
Meteosat sequence, caused by strong updrafts
pushing through the tpmpause and breaking
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gravity waves (Fig. 12). This signature, called
"above anvil cirrus plume" (AACP), has been
reported during sevengeather events (Bedka et
al. 2018). In the present case, AACP was
detected from 133530 UTC, after the first
giant hail report but before damaging winds,
similarly to the \fshape. After this period, some
cirrus associated with AACP persisted
temporarily.

Figure 8 illustrates lightning increasing
during this period, as the LMA flash occurrence
became continuous and vahefilling (Krehbiel
2002). Moreover, strong convective surges
began between 1316325 UTC, with LMA
sources reaching 15 km MSL in height, signaling
the intensification (Krehbiel 2002). The majority
of lightning initiations remained above 10 km
MSL during all this period (not shown), around
temperatures ofi 40°C, another signal of the
continued strength and size of the updraft (Zhang
et al.2017; Mecikalski and Carey 2018).

This first period of lightning in the
overshooting tops occurred after the F-06
reached 15 km MSL and coincided with a
sudden increase in the radar height of the TOP
50 in the rear flank of the mesocyclone, which
jumped from 10 to 13 km MSL in 30 min (1240
1310 UTC). Similarly, it ended when the height
of the TOR50 in the radasequence decreased
below 12 km MSL (whereas the TaPB stayed
above 15 km MSL until 1450 UTC). A closer
look shows that this upper lightning activity
consists of isolated VHF sources, suspended
2 km above the bulk of the lightning occurring at
the core 6 the storm (Lyons et al. 2003;
MacGorman et al. 2017). This activity shows a
steady rate and looks like an upper "band" of
VHF radiation in the time vs. height panel of
Fig. 13. The first sparkles lasted for around
10min (1316 1325 UTC), and other epides
followed (1326, 1341, and 1353 UTC).

Detailed analysis showed isolated bursts, not
developing into full lightning channels, as
observed in other cases (e.g., Chmielewski et al.
2018). This behavior has been described as
lightning bubbles by Ushio @3), which may
be akin to the
more sensitive LOFAR (lovfrequency array)
studies due to their intermittent nature (Scholten
et al. 2023), noticing the connection to high
turbulence in the updraft's overshooting region,
where mixed charge layers trigger the sparkles.
In plain view, these sparkles cluster above the
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lightning hole, slightly shifted to the rear flank

(see Fig. 13). Such a pulsating behavior may
indicate updraft cycles (e.g., Krehbiel 2002,

MacGorman et aR017).

Figure 6 reveals a cyclic pattern in VIL that is
consistent with surface observations afrge
hail. Two of these events occurred within
Period2 (13151405 UTC) and coincided
with the detection of sparklesThis temporal
correspondence indites that sparkles and
increasing VIL may be linked to an
intensification of the updraft preceding hailfall
atthe surface. Along similar lines, Van den
Broeke and Green (2024) documented repeating
storm cycles in which increasing storelative
infow were found to precede updraft
strengthening and subsequent hailfall on the
ground, after a short delay

c. Period 3: End of the hole, peak in the flash
rate and tornadogenesis. (1406150 UTC)

This period started with another lightning
jump (1412 UTC, H. 6a), which led to a sharp
peak on the flash rate at 1418 UTC (500 flashes
min T). Thi s
increase in VIL value, as well as to a decrease in
echo tops (e.g., Metzger and Nuss 2013he
period6s tr ans iytthe BWERI s
collapse, the end of the lighting hole and the first
reports of a tornado. Sharp (2005) noted that the
BWER collapsed around the same time as the
tornado began. From this point, charge regions
gradually subsided (Fig. 6a), and the lightring
initiation median height steadily decreased from
10 to 9 km MSL at the end of the period. Steiger
et al. (2007) also observed lightning heights to
decrease before tornadogenesis, as well as a
weakening of radar characteristics during that
process. However, in the present case study,
radar characteristics
(TOPS 15, 35 and 50) kept similar values
compared to the previous period, only to
decrease in the final period. Moreover, VIL
reached its maximum during this period
(>65mm).

In this third period, overshooting discharges

fispar kl e smre ontaigtained endre isteadiy u(b48=18 ue nt ,

UTC), as ZMAX was above 60 dBand VIL
remained above 60 mm for 50 min (14Q2@50
UTC), whereas overshooting sparkles pulsed in
the second period in response to this@siin the
stormbdbs wupdraft (Ushio
behavior was reported by DiGangi et al. (2016)

l'ightning

j ump

al so

rel ated

al
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in the 2012 May 29 Kingfisher, OK, supercell.
METEOSAT imagery kept showing the -V
shaped and AACP signatures during this third
period.

d. Period 4 Dissipation, downdraft is the
predominant flow (1450620 UTC)

After 1450 UTC, radar values and lightning
flash rate decreased gradually, indicating that the
downdraft was the predominant flow. With the
sharp decrease in VIL, the TBSS signature
disgpeare from radar scans after >2 h of
almost continuous presence. Despite the gradual
decrease after its peak (1418 UTC) the flash rate
kept above 300 fl ashes
when the abrupt decay of the TGP sharpened
the flashrate drop. In palel, LMA source
density (Fig. 6a) shows a steady decline in the
flash heights. Despite the gradual decrease of
the flash rate, some surges still could be
observed around 1520 and 1535 UTC (Fig. 8),
although they did not produce overshooting
lightning. Compared to period 2, Fig. 8 shows
many more VHF sources in period 4, with
lightning being less frequent but larger. Very
large flashes spread to the anvil region (e.g.,
Kuhlman et al. 2009; DiGangi et al. 2020).
METEOSAT severaveather signatures ¢V
shaped, AACP) were the last to disappear, as
TOP-15 finally went below 14 km MSL height.

5. Discussion

a. The lightning hole: Aevereweather
signature

Why do some supercells exhibit a lightning
hole signature? In the early 2000s, the advent of
LMA systems led to the observation of a
lightning hole in the core of the updraft.
Krehbiel et al. (2002), MacGorman et al. (2005),
Payne et al. (2005), Steiger et al. (2007), and
Calhoun et al. (2013, 2014), among others, have
examined the physics behindetormation of
lightning holes in supercells. Lightning holes
have been observed during tornadic supercells
with LMA systems in the STEPS (Lang et al.,
2004; MacGorman et al. 2005) and TELEX
(MacGorman et al. 2008) campaigns. Lang et al.
(2004) were thdirst to associate the lightning
hole with the BWER. MacGorman et al. (2008)
deduced that the lightning hole likely formed for
reasons analogous to the existence of the BWER
in the radar: the brief residence time within the
mixed-phase region, attributieto a rapid updraft,
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would result in a relative lack of precipitation
and microphysical charging from rebounding
collisions between riming graupel and cloud ice.
Following the analogous terminology for the
BWER, Ziegler et al

weak |l ightning regiono

After the STEPS and TELEX campaigns,
different simulations have been able to reproduce
the lightning hole on the Geary supercell (e.g.,
Calhoun et al. 2014; Ziegler et al. 2014). Ziegler
et al. (2014) used the NSSL thréenensional
COMMAS cloud model. The authors claim to
have validated the
within the supercell storm characterized by weak
hydrametéor partictes that un8e€g6® mitdnialCaor
no charging during their paths. Simulations by
Calhoun etal. (2013, 2014) show that the
lightning hole or BWLR forms when the vertical
velocity in the wupdiraft
As a result, a decrease in charging occurs in the
region due to the lack of rebounding collisions
between riming graupel and clouck, reducing
the number of particles accessible for the -non
inductive charge mechanism (NIC, Takahashi
1978).

Typical durations for the lightning hole are
about 1520 min (e.g. MacGorman et al. 2005)
whereas in the present case study it lasted for
>1h. The hole is often capped by a mantle of
overshooting lightning (Chmielewski et al.
2020), which can partially hinder the signature
and challenge its visual detection. In the present
case study, the "hole" extended beyond -mid
layer altitudes, forming éreelightning chimney
that spanned the entire height of the column, as
shown in Fig. 9, later on covered by
overshooting lightning (e.g. Fig 13). Other
studies (e.g., Zhang at. 2004; McKinney efal.
2009) have observed holes extending throughout
much of the storm depth. Combined with its
long duration, this signature suggested the
presence of a strong and stgadpdraft, as the
classical conceptual model of a supercell
indicates (Lemon and Doswell 1979).

LMA data in the present case study revealed
that the lightning hole was collocated with the
BWER pattern detected in the radar volume
(Figs. 10 and 11), showing rather low reflectivity
values compared to its external ring. This
suggests that the BWER predominantly consists
of SLW (e.g., Williams efal. 2005; Bruning et
al. 2019 Chmielewski et al. 2020). Due to
insufficient time for graupel and small hail to

(2014)
( BWLR) .

l'ightning

Zone

N
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develop within this strong updraft zone, the
likelihood of electrical charging and hence
lightning is absent. Contrarily, the greatest
chaige separation occurs at the periphery of the
updraft where turbulence creates small pockets
of charged particles (Bruning and MacGorman
2013; Calhoun et al. 2013). These small
pockets of charge favor frequent, small flashes
that are constrained in areaftent by the small
size of the charge regions the flash propagates
through (e.g., Payne et al. 2010). In the present
case study, this can be observed in Fig. 9.

b. Largehail wet growth

Accordi
growt ho

ng to Emersic
o If could aalsog explaih ahie
formation of a lightning hole without a
mesocyclone. Under wgrowth conditions,
graupel and hail particles become heavily coated
with liquid water, decreasing the number of
effective rebounding collisions and setting
unfavorable conditions for NIC separation
(Saunders and Brooks 1992). Jayaratne and
Saunders (2014) demonstrated that wet growth
results in an order of magnitude smaller charge
separation than dry growth. Assuming wet
growth, contrary to the BWER shown in the
radatr the lightning hole would be associated
with large values of reflectivity, which was not
the case. Whatever the origin, either explanation
would preclude NIC separation. All in all, the
presence of a lightning hole (in the core of the
updraft) indicatessevere weather, regardless of
its direct link to a BWER (Murphy and
Demetriade2005).

c. Presence of a mesocyclone

The analysis of the radar base velocity
images is the most used technique to detect the
presence of a mesocyclone. Unfortunately,
Quirantes et al. (2014) contend that the
AEMET Doppler radar network, which
includesthe Zaragoza radar, lacks the
necessargonfiguration to properly identify
supercells using radial wind velocities. They
pointed out some problems with the scan
strategy, such as the fact that elevations
between 1.4° and 7.7°, which are important for
identifying the mesocyclone, do not include the
base velocity product. Nevertheless, some
features can be used as Doppler velocity
proxies to assess whether a convectivé iseh
supercell or not.
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Martin et al. (2020) presented a method to
identify supercells without using radial velocity
data (i.e., nosdirect detection of the
mesocyclone), based on twidmensional
reflectivity characteristics and seveneather
reports. They proposed that the duration
(>60min exhibiting reflectivity >48 d&) and
the movement of the convective cell (deviant
from that of the surrounding radabserved
precipitation structures), together with the
observation of at least two of the following
radar signatures ((i) hook echo, (i) BWER at
low levels and (iii) V-notch shape), are
sufficient conditions to consider that a
convective storm is a supercell with a medium

e high eonfidenqe.2 Dhe ¢opfirmatiomn ig pravides t

by the observation of at leasine of the
following requirements:

(i) avelocity couplet using Doppler velocity
data,

(ii) visual observation of characteristic
supercell features,

(i) an EF3 or stronger tornado (according to the
enhanced Fuijita scale, Doswell et al. 2009) or

(iv) hail >5 cm in diareter.

The convective cell analyzed here exhibited
reflectivity >48 dBZ (according to dkm pseude
CAPPI, not shown) between 1201 and 1541
UTC (>3.5 h). Moreover, the track was right
deviated from the direction of the pseudo
soundingcalculated mean stommotion vector
(238°), following the direction of the right
moving supercell vector (273°) (see Figs. 1 and
5, and section B). All three reflectivity radar
signatures, which are the hook echo, the BWER,
and the WVnotch, were detected (Fig. 11).
Finally, giant hail ( >10 cm) was reported as
presented in sectionf2. Therefore, according to
Martin et al. (2020), we are confident in inferring
that the convective cell was a supercell, although
the mesocyclone was not directly detected due to
the lack of midevel Doppler velocity data.

As pointed out by Stough et al. (2017),
mesocyclogenesis may be inferred through
Doppler velocity interpretation, but also through
characteristic reflectivity features such as the
BWER or hook echo. However, unlike the
mesocylone, the BWER is not unique to
supercells.  Still, the development of these
reflectivity features in an environment conducive
to supercell production signals the presence of
strong updrafts and related convective
intensification. The lightning hole rdorces
this interpretation.
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d. Conditions for giant halil

iGi ant hail , o defined
(2001) as hail >10 cm in diameter, is a relatively
rare phenomenon in the Iberian Peninsula
(Farnell et al. 2023). According to Blair et al.
(2011), giah hail is almost exclusive to
supercells, generally exhibiting cyclonic rotation.
Following the findings by Lemon (1978), many
gianthail cases reported by Blair et al. (2011)
were also associated with a BWER structure.
Indeed, the BWER signature is ookthe more
significant  severaveather  signatures for
operational forecasters (Burgess and Lemon
1990). The BWER indicates a wide and strong
updraft, which typically contains large amounts
of SLW along the outskirts and BWER summit,
thereby supporting lge-hail growth (Knight and
Knight 2005).

The presence of large reflectivities (>504)B
in the hailgrowth zone (within thé 10°C to1
30°C layer) indicates the potential for severe
hail. This is comparable to training guidelines
from the U.S. National Wather Service, which
suggest t hat el evated
dBZ) at or above thé 20°C layer indicate an
increased hazard of hail (NWS 2006)The
presence oZ >60 dBZ is almost constant in the
Zaragoza radar sequence, and the -BOP
product showd values above the altitude of the
120°C isotherm (estimated at 7 km MSL) in the
1340, 1410, and 1420 UTC frames (not shown).
Donavon and Jungbluth (2007) correlated hail
size to a relationship between the environmental
melting level and the 56BZ refledivity height
(TOP-50). In our case (Fig. 6), the TE€E® was
well above 7 km MSL between 1150 and 1550
UTC (isotherni 20°C estimated at 7 km MSL).

e. TBSS

Blair et al. (2011) reported that ti8SSwas
present for 20 min in around half of the obsetv
storms bearing giant hail. In the present case
study, the TBSS was observed in the radar
sequence between 1240 and 1450 UTC (Fig. 10),
as a result of the presence of high reflectivity
values (>50 dB) at mid to high levels (TOBO
was between @4 kmMSL during this period).
Hail observations were reported during this
period (Fig. 2).

The TBSS signal is often a sufficient
indicator of the occurrence of large hail but is not
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a necessary radar signature when determining the
presence of large hail (N®/ 2006). The
Mbeteorological gantice of @Gathloni@ studgedh How
this signature could be used to estimate halil
size(Rigo and Farnell 2023) and found that it is
not always present, even when there are
high reflectivity values. Occasionally, nearby
thundersbrms can hinder it. Contrarily, there
could be some misidentifications of the signature,
as it can be confused with electromagnetic
interferences (e.g., Altube et al. 2015).

f. Lightning sparkles in the overshooting top

While the bulk of the lightningccurred <12
km MSL, the storm also featured significant
activity well above the EL. The LMA system
detected higtaltitude VHF sources, occurring
at 1516 km MSL above the region of the
lightning hole. These distinct VHF sources
appear to be discrete, wisting of persistent
low-rate sources that lack defined paths. Due to
the sporadic nature of these little discharges or
sparks, Scholten et al. (2023) designate them as
isparkl es. 0 The origin
rénbihsicledr.VRe$edrcheYsahhve fhilenn ( O6 0
to blue corona discharges observed from space
(Chanrion et al. 2017; Dimitriadou et al. 2022;
Soler et al. 2021). However, sparkles are likely
not a singular form of discharge, but compact
lightning flashes. MacGorman et al. (2008) and
Emersic et al(2011), among others, pointed to
the charge elevated into the overshooting top by
the vigorous updraft, causing significant
gradients over a short horizontal distance with
the opposite polarity of the screening layer,
resulting in these small flashes oefed in the
overshooting tops. However, the purpose of
this discussion is not to gain new insights into
their origin, but to provide additional evidence
supporting their usefulness as a sewseather
pattern. Other LMA networks have reported
sparkles m supercell overshooting tops before
(Krehbiel et al. 2002; Bruning et al. 2010;
Emersic et al. 2011; Calhoun et al. 2013). The
present case study relates sparkle periods to a
sudden rise in the TOGBO on the mesocyclone's
rear flank region. In line withMacGorman et al.
(2017), the largest hail reports O10 cm)
occurred while this signature was present, even
if some smaller hail can prede the continuum
of sparklesThese results provide new evidence
of the potential utility of overshooting top
sparkes as  severmeather indicators.

of
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Figure 14 Reflectivity factor(dBZ) at 0.5° elevation angle and a) 1400 UTC, b) 1410 UTC, c) 1420 UTC,
and d) 1430 UTC, zoomed to the area affected by steengagingconvective winds, showing hail (black

triangles) downburst (black dots) and tornado reports (red triangle and line), and e) schematic representation

of classic supercell structure, adapted from Lemon and Doswell (1979), where ifenfedowndraft (RFD,
dark blue), the forwarflank downdraft (FFDJight blue), updrafts (red) and the precipitation region (grey)
are shown. T indicates the most suitable location for tornadiies image to enlarge

g. Tornadogenesis and downburst occurrence

By comparing fieldwork results (details in
AppendixA) with the radar imagery sequence, it
is possible to estimate the time of each strong
convective wind event (with an uncertainty of
+5min). We estimate the tornado formed at
41405 UTC and |l asted
downburst occurred also around 1405 UTC, in
Area 4 in Fig. A1. Moreover, two downbursts
were registered after tornado dissipation, at 1420
UTC (Area 3 in Fig. A1) and arount¥30 UTC
(Area 5 in Fig. Al). Therefore, surface
convective damaging winds were reported after
gianthail observations. De Martin et al. (2025)
showed a similar evolution in a tornadic and
gigantic haitproducing supercell in northern
Italy, where the ncreasing surface wind gusts
were registered while hail size was decreasing in
observations.

Prior to tornadogenesis, a BWER was
observed, indicating the strength of the updraft.
The increase in totdightning rate also supports
this interpretation (Gaiman et al. 2005).
However, just before tornado formation, tetal
lightning activity decreased, which may indicate
the strengthening of downdrafts (Steiger et al.
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2007). This evolution is consistent with
tornadogenesis in supercells, where a strong and
organized updraft coexists with an intensifying
rearflank downdraft (RFD), potentially leading
to tornado formation through the organization of
vertical vorticity by transporting angular
momentum toward the surface (Lemon and
bdswelmigy9; Markdwsie arfd ! micdson
2009). Interestingly, the evolution of total
lightning observed here differs from that
documented by Krehbiel et al. (2002), who
reported an increase in tofahtning activity
and the presence of a lightning hole during
tornadogenesis and thrghout the tornado life
cycle. Moreover, the other two downbursts
occurred during a period of decreasing total
lightning activity, following a prior increase,
consistent with the observations of Goodman et
al. (2005) and Steiger et al. (2007), and
suggeshg a strengthening of downdrafts.

Analyzing the location of each phenomenon
relative to the thunderstorm reflectivity shape, it
is possible to infer the region of the supercell
where each phenomenon took place (Fig. 14).
The tornado was formed not exgctinder the
mesocyclone (according to the hook echo) but
5km to the south, which means that it was
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detached from the main mesocyclone (Wurman
and Kosiba 2013). It was spawned in the NE
guadrant of the redtank downdraft, as depicted
in Broyles et al(2022).

Together with tornadogenesis, a downburst
took place around 15 km east of the mesocyclone
and 8 km north of the rest of the seveiads
reports.  The predominant fall direction of
uprooted trees was to the southeast (see Appendix
A, which lets ugnfer that it was spawned by the
forward-flank downdraft (FFD). Right after the
tornado dissipated, the second downburst occurred
5 km to the south of the mesocyclon&ccording
to Fig. 14, this downburst likely was associated
with the RFD. Finally, athird RFDrelated
downburst was observed. Note the alignment of
the tornado track with the areas affected by the
first and third downbursts.

5. Summary

Forecasters base most of their warning
decisions strongly on radar data. Even
experienced meteomjists often struggle to
consult and integrate various meteorological
information during surveillance tasks (warning
decision paradigm, Stumpf et al. 2010).
Incorporating additional data sources, such as the
Lightning Mapping Array (LMA), is likely to b
beneficial enough to justify the effort involved.
Surveys regarding the use of LMA in the US
National Weather Service (NWS) (Darden et al.
2010; Stano et al. 2014) indicate that rtale
LMA data significantly improve forecasting
andwarningdecision making. Totaklightning
information provides forecasters with additional
confidence in identifying areas where convettio
is forming or intensifying. Additionally, the
reattime availability of these data helps bridge
the gap between radar volume scarspeeially
during rapid storm intensification, and could be
explored as a means of gap filling when radar
data are unavailable.

LMA data can effectively indicate severe
weather patterns in retime surveillance,
providing valuable insights that cqbement
traditional radar (e.g., storm splitting, BWER,
TBSS) and satellite (e.g., overshooting tops,
aboveanvil cirrus plume and V shape)
signatures. Trends in flash rates are widely
used operationally to detect thunderstorm
intensification  through the lightningjump
technique (e.g., Schultz et al. 2009; Chronis et al.
2015; Farnell et al. 2017), based on a statistically
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significant increase in lightning activity within a
brief timeframe. Furthermore, totidhtning
utility may be extended beyond sajimg updraft
intensification to infer tB development and
strengtheningof the midlevel rotation in
environments  supportn supercells. LMA -
derived signatures, such as lightning holes and
sparkles in overshooting tops, show strong
potential for operatinal weather surveillance
applications. These seveneather signatures
can visually complement the automated lightning
"jump" as early warning indicators to trained
forecasters.

Although this case study may appear to be an
unusual and extremely severeeather event,
incidents of giant hail &becoming more frequent
in the Mediterranean region (e.g. Farnell et al.
2023; Montopoli et al. 2021). light of this
trend, meteorological servicesequire ever
increasing preparedness in monitoring capabilities
and improvement of the accuracy of early warning
systems.
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APPENDIX A: FIELDWORK

After the strong convective wind event, a
damage survey was performexddnalyze which
meteorological phenomenon occurred (i.e.,
tornado or downburst), to assess the size and
characteristics of the affected area, and to
estimate the wind intensity. The fieldwork was
conducted on 12, 15, 22, and 28 July, 2023,
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following the nethodology preseatl in
Rodriguez et al. (2020). Data collected
included 582 damaged elements (trees and-man
made structures) with respective georeferenced
images. Moreover, the direction of fall for
uprooted trees and windborne debris was
reported to aalyze the damage pattern. These
patterns present convergence and rotation in the
case of tornadoes, ith divergent swaths
observed in the case of downbursts (Bech et al.
2009, 2011).

Figure Al In the main map, tornado (triangle) and downbursts (circle) reports are shown, together with

30 August 2026

The fieldwork was conducted in an area
which extended 20 km wédsastand 12 km
northisout h, &70 km
affected area is characterized by the Martin River
Valley, which extends southwest to northeast in
the western part of the region. The valley is
surrounded by the Sierra de Arcos mountain
range, wih peaks reaching 400 m above the
valley (i.e., 850meters MSL).

the tornado track.The white line represents the tornado track. Black sgusndicate the zoomed areas

shown in (1), (2), (3), (4), and (5) subplots, where white arrows represent the direction of the fallen trees.

Click image to enlarge.
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